The behavior of cavitation bubbles in a starting submerged water jet discharging from a circular nozzle is studied by a simple photography technique in a moderately low range of jet exit velocity. A number of small spherical bubbles are initially generated in a starting vortex formed at the jet tip and often connected circumferentially with each other in the form similar to a vortex ring. Nearly axisymmetric lumps of disconnected bubbles are also observed frequently. By analyzing photographic data acquired from the side and end view pictures of the ring-like bubbles, their average properties, such as trajectory, geometry and size, are evaluated.
Introduction
It is well known that the cavitation inception occurs when cavitation nuclei in a liquid are exposed to a sufficiently low pressure, comparable with the vapor pressure of the liquid, to cause their unstable and explosive growth (Arndt 1981; Brennen 1995) .
In submerged water jets where the mean static pressure is generally much higher than vapor pressure, the onset of cavitation is believed to take place in low pressure regions produced by vortical structures. Observations by Ooi(1985) and Gopalan et al.(1999) show that the cavitation inception in initially laminar jets does not occur in the cores of rolled-up vortices but in the cores of secondary vortices which are formed randomly. This suggests that the investigations of the generation process of bubbles are quite difficult in turbulent regions in jets. One of the approaches to circumvent the difficulty would be to deal with cavitating jet flows, where well-organized vortices are formed either periodically or reproducibly, such as in a self-excited jet (Chahine & Genoux 1983) .
In the present work, we employ an impulsively-started jet, where a starting vortex of the jet should produce nearly axisymmetric low pressure. This low pressure may lead to the formation of ring-like cavitation bubbles in the near field of the jet. We shall study the behavior of such ring-like cavities.
Experimental setup and conditions
The experimental apparatus consists of a closed water reservoir connected to an air compressor, a water reservoir opened to the atmosphere, and a 15mm-diameter circular pipe connecting the two reservoirs, as shown in Fig.1 . Water flow is operated by an electromagnetic valve and discharged into a still water from an orifice-type nozzle with the exit diameter of across the nozzle, and the origin in time t is arbitrary. The mechanism of the electromagnetic valve used is such that as electric current is supplied, a subsidiary valve(called "pilot valve") opens first and a small amount of water discharges, and thereafter a main valve starts to open. Owing to this mechanism, p* shows first a bump and then a sharp rise, followed by a gradual increase to the maximum. Because the bump was found to appear reproducibly prior to the onset of the main flow, we used it as the trigger signal of flashing the light and also as the temporal origin in the results to be presented.
Results
We visualized first starting vortices using dye-marked water. Soon after the flow was initiated, a mushroom-shaped concentration of dye was observed at the jet tip. When p g >0.4MPa, the mush-room-shaped structure was followed by another large concentration of dye. These concentrations are both associated with starting vortices; that is, the leading one is due to the pilot valve opening and the second one to the main valve opening.
Similar observations, repeatedly made by reducing the amount of dye, showed that spherical bubbles appear mostly in the leading and the second dye-concentrated regions, and tend to be aligned in the azimuthal direction to take a form similar to a ring. This suggests that the cavitation inception does occur inside the starting vortices. In later stages of jet development, smaller bubbles were found to be formed behind the starting vortices; some were in groups and the others were randomly distributed in the jet shear layer. In what follows, results obtained at p g = 0.5MPa will be presented, with primarily focusing on the behavior of ring-like lumps of bubbles.
Some side-view pictures taken at different stages of jet development are shown in Figs. 3(a-d) . We have confirmed from many close-up pictures that most of ring-like lumps of bubbles consist of a number of small and nearly spherical bubbles, and the shapes of lumps resemble rosaries or circular chains of beads, rather than azimuthally uniform rings. Ring-CAV2001:sessionA7.005 3 like lumps of disconnected bubbles were also observed frequently(see, for example, Fig.3c ). Bubbles at the jet tip were even smaller and often isolated due to the comparatively weak circulation of the leading vortex caused by the pilot-valve opening. For convenience of description, the ring-like lump of bubbles, including disconnected ones, will be hereafter referred to as "bubble ring". Observations of end-view pictures showed that almost all the bubble rings seldom maintain the axisymmetric shape as convected downstream, and often undergo a wavy deformation, probably reflecting the occurrence of the azimuthal instabillity of a vortex ring (Widnall & Sullivan 1973) . The bubble rings were found to persist downstream up to x/D =15 -20, but it was not clear to what extent they could survive, because of the increasing distortion and diffusion of bubble rings further downstream. Figures 5(a,b) show the streamwise variations of the average diameter D r and thickness d r of bubble rings, which were evaluated from the side-and/or end-view pictures. The diameter D r , which is initially close to the orifice diameter, increases with x in accordance with the vortex ring growth. The thickness of bubble rings appears to reach its maximum at x/D =3-4, followed by a gradual decrease with increasing x. From D r and d r , we calculated the approximate volume V r of bubble ring, with assuming its geometry to be a torus. The result is shown in Fig.6 , where V r is represented in a logarithmic scale. The volume exhibits a rapid increase up to about x/D =3, beyond which it does not increases any further, in contrast to the continuous increase of the bubble ring diameter. Figure 7 shows the average diameter, d i , of individual bubbles forming a bubble ring. The typical size of bubbles contained in the bubble ring exhibits an abrupt increase soon after its formation, followed by a gradual decrease.
These results indicate that outside the formation region, the evolution of bubble rings is not much affected by the dissolved air in water surrounding the jet flow. In particular, the approximately constant values of V r and d i in x/D >5 suggest that no significant air entrainment occurs beyond the jet potential core during the evolution of bubble rings.
Conclusions
Cavitation bubbles in a starting water jet were studied in a moderately low range of jet exit speed. The reproducible nature of the starting jet helped us to observe the behavior of bubbles by a simple photography technique. The main results are summarized as follows.
(1) In early stages of jet development, cavitation bubbles are mostly generated inside the starting vortices and connected with each other in the form of a ring. 
